A collection of amber mutants of bacteriophage T5 was analysed using an in vivo complementation test and assigned to 21 complementation groups. The incomplete phage structures produced by T5 amber mutant infection of the non-permissive host were examined. The mutants were allocated to four phenotypic types, as defined by an in vitro complementation test: those which produced functional heads, H; those which produced functional tails, T; those which produced inactive heads and functional tails, HI + T; and those which did not synthesize either heads or tails, 0. Functional heads and inactive heads were indistinguishable in shape and size in the electron microscope. Four different patterns of DNA metabolism were observed when different amber mutants were grown under non-permissive conditions. They were the wild-type pattern (D ÷) in which host DNA degradation was followed by synthesis of phage DNA, host DNA degradation without phage DNA synthesis (DO), neither host DNA degradation nor phage DNA synthesis (DD0) and host DNA degradation with slight DNA synthesis (DS). Upon infection of the non-permissive host with representatives of different complementation groups of mutants either normal lysis occurred or bacterial growth ceased without subsequent lysis. The phenotypic characteristics of the amber mutants were used for partial elucidation of the functions of the affected genes.
INTRODUCTION
The coliphage T5 is a medium-sized bacteriophage belonging to the T-group of coliphages, with a particle weight of 109 x 106 daltons (Dubin et al., 1970) . It is known to possess an icosahedral head about 90 nm in size and a non-contractile tail 200 nm long (Bradley, 1967) . The distal end of the tail is terminated with a fine axial spike, the straight tail fibre (STF), and a group of three fibres, the L-shaped tail fibres (LTF), which are attached to an enlarged tail annulus (Saigo, 1978) . These features can be observed in an electron micrograph by Williams & Fisher (1974) . The DNA of T5 is double-stranded and contains 121300 base pairs (Mr, 80.3 x 106), with a terminal repetition of 10160 base pairs (Mr, 6"7 x 106) (Rhoades, 1982) .
Although T5 has not been studied as extensively as many other phages, it possesses certain unique features which make it an interesting system to investigate (McCorquodale, 1975) . A means of achieving this is through the use of conditional lethal mutants. This paper describes the analysis of a collection of amber mutants of T5. Several different sets of conditional lethal mutants have been isolated, including a group of temperature-sensitive mutants (Fattig & Lanni, 1965) , and a group of amber mutants (Hendrickson & McCorquodale, 1971) . Zweig & Cummings (1973) isolated a set of amber mutants and made the observation that some of these mutants synthesized functional products under non-permissive conditions. They found that one of the mutants produced complete heads which lacked tails while another produced free tails and head capsids lacking DNA. The heads and tails were able to complement each other in vitro to give viable phage particles. Lunt & Kay (1968) showed that complete phage heads filled with DNA were synthesized prior to the attachment of tails.
A further set of amber mutants was isolated by Lanni (1969 and unpublished) . These mutants had been donated to the late Dr M. R. Lunt (Microbiology Unit, Department of Biochemistry, 0000-7000 © 1986 SGM University of Oxford) with whom one of the present authors (D.K.) was working on their classification and phenotypic characterization at the time of her death. This paper describes the continuation of the work begun with Dr Lunt on the classification of the amber mutants into complementation groups and a study of some of their phenotypic characteristics.
METHODS
Bacteria and bacteriophages. Escherichia coli F (Lanni, 1958) was used as the non-permissive strain. E. coil HR34, derived from F by Lanni & Lanni (1966) , was used as the permissive strain for the growth of the amber mutants. The heat-sensitive wild-type phage T5st + (Adams, 1953) , which was in the collection of M. R. Lunt, was used. The T5 amber mutants were part of a collection isolated by Lanni (1969 and unpublished) , donated to M. R. Lunt and made available by her to the authors. As far as is known, all the mutants were isolated by the method of Fattig & Lanni (1965) using 5-bromodeoxyuridine as the mutagen.
Media and buffers. Oxoid nutrient broth No. 2,25 g per litre, was used. M9 medium contained 6.0 g Na2HPOa, 3.0 g KH2PO4, 0.5 g NaCI, 1.0 g NH,C1, 4.0 g glucose and 0.246 g MgSO,. 7H20 per litre. For infections with T5, media were made 1 mM with CaCI2. All incubations were carried out at 34 °C. T5 buffer contained 0.01 M-Tris-HCI pH 7.5, 0-01 M-MgCI 2 and 0.1 M-NaCI.
Preparation of stocks of phage. The bacteria were grown in Oxoid nutrient broth, with aeration by mechanical agitation. At a density of 2 x 108 cells/ml, the culture was infected with phage at a multiplicity of 3 to 5. After lysis, the cell debris was removed by low-speed centrifugation and the supernatant stored at 4 °C with a crystal of thymol. When necessary, phage was concentrated by centrifugation at 25 000 r.p.m, in a Beckman Type Ti50 rotor for 1 h at 4 °C, followed by resuspension in T5 buffer and removal of remaining debris by low-speed centrifugation. Lysates in either nutrient broth or M9 medium contained from 0.5 x 1011 to 1-5 x 1011 p.f.u./ml. Amber mutants were assayed on both the permissive and the non-permissive strains. The reversion frequencies of the mutants, expressed as the ratio of the number of plaques obtained on the permissive host to that on the nonpermissive host, ranged from 5 x 104 to 1 x 106.
In vivo complementation test. In vivo complementation between pairs of amber mutants was tested by the overlapping drop method of Hendrickson & McCorquodale (1971) .
Preparation of the products of amber mutant infection of the non-permissive host.
Cultures of E. coli F were grown to 2-5 x 10 s cells/ml in either nutrient broth or M9 medium and infected with mutant phage at a multiplicity of 3 to 5. After incubation with shaking for 100 min, chloroform (0.5 ml/1) was added and the culture stored at 4 °C overnight. Bacterial debris was removed by low-speed centrifugation. The supernatant, containing the mutant products, was stored at 4 °C.
In vitro complementation test. A sample (0.5 ml) of supernatant containing the products from an amber mutant infection under non-permissive conditions was mixed with an equal volume of the supernatant from a different amber mutant infection. Controls were made by mixing an equal volume of broth with each of the supernatants. The mixtures were incubated for 100 min and then assayed for viable phage on the permissive strain.
Sucrose density gradient centrifugation. Gradients (4.5 ml) of 15 to 30~o sucrose in 0.05 M-Tris-HCI buffer pH 7-5 were prepared by the method of Fenwick (1968) . They were loaded with 0.5 ml of mutant product lysate, centrifuged at 18 000 r.p.m, for 25 rain at 20 °C in a Beckman SW50.1 rotor and analysed by upward displacement in an Isco ultraviolet fractionator. The u.v. light absorption of the gradient was recorded and fractions were collected when necessary.
Electron microscopy. Specimens of either crude extracts or sucrose gradient fractions of those extracts were applied to carbon-coated, Formvar-covered grids which had been plasmaglow-treated. The samples were applied to the grids for 1 min, washed by floating on two successive drops of distilled water and negatively stained with uranyl acetate (2~, w/v). Excess fluid was removed with filter paper and the grids were dried in air.
Measurement of DNA in infected cultures.
Cultures (50 ml) ofE. coli F in M9 medium were grown to 2-5 x 10 a cells/ml with shaking. Phage was added at a multiplicity of 5 and samples of 4 ml were withdrawn at 10 min intervals over a period of 80 min. They were cooled on ice and treated with 5~o TCA for 1 h. The cells were collected by centrifugation in the cold and the DNA was extracted by treatment with l ml 5~ TCA for 30 min at 95 °C. The DNA in the TCA extract was estimated by the method of Burton (1956) .
Measurement oflysis in infected cultures.
Cultures of E. coli F were grown in Oxoid nutrient broth to a density of 2 x 108 bacteria/ml and infected with amber mutants as a multiplicity of 3 to 5. The optical densities of the cultures were recorded at 15 min intervals over a period of 120 min.
RESULTS

In vivo complementation between T5 amber mutants
The collection consisted of 134 mutants, numbered aml to am50 and aml00 to am183. The numbers were allocated to the mutants in serial order of isolation, but some mutants had been 0, no functional product. no host DNA degradation nor phage DNA lost due to reversion during the course of the study. In vivo complementation analysis was carried out by the overlapping drop method and the region of overlap of the two drops was examined for lysis. Complete lysis or very many plaques was scored as complementation and the two mutants were allotted to different groups. No increase in plaque numbers or only a slight increase was recorded as failure to complement and the two mutants were allotted to the same complementation group.
Of the 134 mutants in the collection, 97 were analysed in the complementation tests. A large proportion, but not all possible pairs of mutants, were tested, and as complementation groups emerged, representatives were chosen to continue the tests rather than examine all the members of every group. As a result, 51 amber mutants were allocated to 21 complementation groups. Ten of these groups were represented by only one mutant, whereas the other 11 groups each contained between two and 11 mutants. This is shown in Table 1 .
Incomplete phage structures produced by amber mutant infection of non-permissive host bacteria
Sucrose density gradient analysis
Sucrose density gradient analysis was used to investigate the incomplete phage structures produced by amber mutant infection of the non-permissive host. The products were prepared as described and subjected to sucrose density gradient centrifugation. They were analysed for the presence of u.v.-absorbing material which had migrated into the gradients. Under the conditions used, wild-type T5 formed a band about two-fifths of the way down the gradient (Fig.  1 a) . The mutant products showed only two types of result, either a peak of u.v. gradient. The material at the top of the gradient was present in all the mutant products and was thought to be due to u.v.-absorbing material from the culture medium and bacterial debris. A typical result is shown in Fig. 1 (b) . The peak of u.v.-absorbing material produced by mutant aml7 migrated faster than the wild-type T5 phage. Examination of the peak materials in the electron microscope showed that in all cases they consisted of particles with hexagonal outlines and dimensions identical with those of the heads of T5 phage (Fig. 2d ). It was assumed that they were incomplete phage particles lacking the tail structures and are referred to as 'heads'. The complementation groups which produce this peak of heads, eight in number, are denoted by' +' in Table 1 , column 3. None of the mutants produced particles with the same sedimentation properties as the wild-type phage in amounts detectable by the gradient analysis procedure. All the other mutant products when subjected to sucrose gradient analysis showed no u.v.-absorbing material in the region of the head peak. A typical result of this kind, given by mutant am28, is shown in Fig. 1 (c) .
In vitro complementation analysis It was known from the work of Zweig & Cummings (1973) that one amber mutant of T5 was able to produce functional free phage tails. These phage substructures were recognized by their ability to complement tailless 'heads' and by their appearance in the electron microscope. It was therefore possible to test the ability of the present set of representative T5 mutants to complement free heads and so determine which of the complementation groups were able to code for the synthesis of functional tails.
In vitro complementation was carried out as described using the products of representative mutants from each of the complementation groups. These were tested against the products of either aml7 or am123 which were chosen as functional head producers. When the titre of phage in the mixed extracts was found to be equal to the sum of the extracts individually, this was scored as failure to complement. An increase in titre of between 10-and 400-fold was recorded as complementation, indicating the production of functional tails.
Those mutants which complemented the free heads were classified as 'tail' producers and are listed in Table 1 as 'T' in column 4. Examination in the electron microscope showed the presence of headless tails (Fig. 2c ) which were complete with three LTF fibres and one STF fibre and were indistinguishable from the tails attached to the wild-type phage particles ( Fig. 2a, b ). Seven complementation groups in this class were found, but one of them, group 11, comprising am25 and am158, had already been found by sucrose gradient analysis to produce heads.
The mutant am28 was chosen as a typical tail producer and used to determine whether the products designated as 'heads' (Table 1) were complete in that they were able to form active Fig, 2 . Wild-type T5 phage particles and incomplete phage substructures produced by amber mutant infection of the non-permissive host, E. coli F. Wild-type phage particles (a, b) show icosahedral heads and flexible tails terminating in three L-shaped fibi'es and one axial straight tail fibre. Headless tails produced by mutant am28, group 13 (c) show the same arrangement of tail fibres. Tailless heads produced by mutants aml7, group 8 (d) and am25, group 11 (e) are indistinguishable in appearance and size but the am25 heads are unable to complement am28 tails in vitro. Bar marker represents 100 nm.
phage by complementation in vitro with functional tails. All the mutants which had been shown by velocity gradient sedimentation to produce heads were found to be able to form active phage, with the exception of those in group 11. This is shown in Table 3 where the two mutants in group 11, am25 and am158, were tested with the functional tail producer, am28, and the functional head producer, am123. It can be seen that complementation occurred between the products of either am25 or am158 and the head producer am123 but did not occur with the tail producer am28. This demonstrated that the group 11 mutants were producing functional tails, but that the head-like particles which were being produced were inactive. The products of infection with group 11 mutants under non-permissive conditions were therefore recorded as being tails, T, and inactive heads, HI (Table 1) . It is possible that some mutants were producing incomplete or inactive 'tails' but these would not have been recognized by the relatively simple electron microscopical screening procedure that was used, because the large amount of bacterial debris present in the samples made it impossible to examine the 'tails' in sufficient detail.
Several mutants were found to produce neither heads nor tails and were recorded as '0' (Table  1 ). There were seven complementation groups in this class.
A further 11 amber mutants which had not been unequivocally assigned to complementation groups were tested for their ability to synthesize incomplete phage structures both by in vitro complementation tests and by sucrose gradient analysis. Three mutants were found to be functional head producers, five mutants were functional tail producers and three mutants did not synthesize either heads or tails (Table 2) .
It was therefore possible to classify the mutants into four phenotypic types, those which IP: 54.70.40.11
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Characterization of amber mutants of T5 produced functional heads, those which produced functional tails, those which produced inactive heads and functional tails, and those which did not synthesize either heads or tails, as defined by the in vitro complementation test.
Patterns of DNA metabolism
Cultures were infected with either wild-type T5 or an amber mutant under non-permissive conditions, and the total amount of DNA present in the cells was measured at intervals over a period of 80 min. In this way the breakdown of the host DNA, and the subsequent synthesis of the phage DNA could be followed. A typical curve obtained after wild-type phage infection is shown in Fig. 3 . It can be seen that infection with wild-type T5 caused a rapid degradation of the host DNA, followed by the synthesis of phage DNA, the D + pattern. This is in agreement with the results obtained by Lanni & McCorquodale (1963) and Hendrickson & McCorquodale (1972) .
The D + pattern was also obtained when certain amber mutants were grown under nonpermissive conditions, as shown, for example, by aml20 (Fig. 3) . It was found that mutants in eight of the complementation groups followed this pattern of DNA metabolism (Table 1) . A further three distinct patterns of DNA metabolism could be distinguished. The results obtained when E. coli F was infected with aml5 are shown in Fig. 3 . Only one complementation group, group 3, containing am5 and am l 5, showed this pattern of DNA metabolism. It can be seen that the net content of DNA within the infected cells remained unaltered for the period of the experiment, neither host DNA degradation nor phage DNA synthesis taking place, the DD0 pattern. This is characteristic of mutants in gene I of the first-step transfer DNA (FST-DNA gene I) and is in agreement with the findings that aml5 possesses a mutation in this gene (Lanni, 1968 (Lanni, , 1969 . When aml5 was grown under non-permissive conditions, examination by electron microscopy, the in vitro complementation test and sucrose density gradient analysis did not reveal any incomplete phage structures.
Another pattern of DNA metabolism was found in which host DNA degradation took place but no subsequent synthesis of phage DNA occurred, the DO pattern (Fig. 3) . Seven of the complementation groups showed this phenotype (Table 1) which is also displayed by mutants in the FST gene II. One of the complementation groups, group 21, containing the mutant am121, showed this characteristic pattern, in agreement with the allocation of this mutation to FST gene II (Lanni, 1969; Hendrickson & McCorquodale, 1972) .
The fourth pattern of DNA metabolism observed was that in which host DNA degradation and subsequent synthesis of phage DNA did occur, but this synthesis was very slight, the DS pattern (Fig. 3) . This pattern was observed with mutants in five of the complementation groups (Table 1) .
A further 11 amber mutants, which have not yet been assigned to complementation groups, were analysed for their pattern of DNA metabolism and the results are shown in Table 2 . They fell into the patterns D +, DO and DS.
Lysis of infected cultures
Cultures of E. cob F were infected with either wild-type T5 or an amber mutant and the optical density of the culture was measured at intervals over a period of 120 min, in order to determine whether lysis of the culture occurred. It was found that during wild-type infection lysis began at about 45 min after infection (Fig. 4 ). Some mutants also followed this pattern of lysis, whereas others, although slowing down the growth of the culture, failed to cause lysis within 90 min. The criterion for scoring for positive lysis was a pattern of lysis with the same profile as that in the wild-type infection. All the mutants within any one complementation group showed consistent results with regard to lysis. Lysis did take place after infection with mutants in 11 of the complementation groups, and did not take place after infection with mutants in the other ten complementation groups (Table 1) . The results of the lysis analysis on the 11 mutants not yet assigned to complementation groups is shown in Table 2 . DISCUSSION By means of an in vivo complementation test, 51 amber mutants were allocated to 21 different complementation groups. This is thought to represent only a part of the genome, the total number of complementation groups being larger. Hendrickson & McCorquodale (1971) obtained eight more complementation groups, a total of 29, from the assignment of 81 amber mutants. Moreover, the size of the T5 DNA, 121 300 base pairs (Rhoades, 1982) , indicates a greater coding capacity than 21 cistrons. This is reinforced by the number of known T5-specific functions (McCorquodale, 1975) , including at least 15 structural polypeptides (Zweig & Cummings, 1973) .
Analysis of four phenotypic characteristics of the mutants yielded preliminary indications as to the functions of the mutated genes. These data are set out in Table 1 . It was found that all mutants within a group, as defined by the in vivo complementation test, possessed the same phenotypic characteristics. Certain mutants, those in Table 2 , proved to be difficult to allocate to groups using the in vivo complementation test. However, these mutants have been analysed by their phenotypic characteristics and with the help of these data, it is hoped to assign them to complementation groups in the future.
The functions of several of the genes of T5 have already been established. The two genes in the FST DNA have been identified (Lanni, 1969) . The mutants am5 and aml5 in group 3 carry a mutation in the FST gene I and the mutant am121 in group 21 carries a mutation in the FST gene II. These amber mutants were first isolated and characterized by Lanni (1969) , and the mutants used in this study are descended from these. The mutants in complementation group 3, carrying a mutation in the FST gene I, showed a characteristic pattern of DNA metabolism, with neither host DNA breakdown nor phage DNA synthesis. The mutant aml21, in group 21, carrying a mutation in the FST gene II, did show host DNA breakdown but no subsequent phage DNA synthesis. However, neither functional phage heads nor functional tails were produced by these mutants, and lysis of the infected cultures did not take place. This is consistent with the findings of Lanni (1969) that the remaining phage DNA is not transferred into the cell in mutants of the FST gene I or gene II, and therefore no synthesis of late proteins occurs (McCorquodale & Lanni, 1970) .
It was known that the mutants in complementation group 1 carried a mutation in the T5 DNA polymerase gene (Fujimura et al., 1985; Y. T. Lanni, unpublished) . The mutants in group 1, when tested, agreed with the findings that infection with T5 defective in the DNA polymerase gene results in the lack of synthesis of T5 DNA, although the initial breakdown of the host DNA following infection does take place (Hendrickson & McCorquodale, 1972) . It has been shown by electron microscopy that T5 DNA polymerase mutants are able to assemble empty capsids under non-permissive conditions (Zweig et al., 1972) . In this study, we have shown that these mutants are able to synthesize and assemble functional phage tails. This supports the finding that DNA replication is not required for the synthesis of the late proteins, although it does influence the quantity of viral structures being produced (Pispa et al., 1971 ; Zweig et al., 1972) . Infection with the group 1 mutants under non-permissive conditions did not result in lysis, which is in agreement with Zweig et al. (1972) .
A total of seven complementation groups, including the group 1 DNA polymerase mutants and the group 21 FST gene II mutant, showed the DO pattern of DNA metabolism, that is the breakdown of host DNA but no subsequent phage DNA synthesis. This is consistent with the findings of Hendrickson & McCorquodale (1972) who proposed that the products of at least six genes are essential for T5 DNA replication. They suggest that several other genes affect the rate and extent of DNA replication. These may be represented by the DS mutants, that is those in which the host DNA breakdown was followed by a slight amount of phage DNA synthesis. There were five complementation groups in this class. However, these mutants may not all be directly involved in the regulation of DNA replication. The measurement of DNA represented the net amount of DNA present at any time, due to both DNA synthesis and breakdown. When the DNA is packaged into phage heads, it is protected against breakdown by nuclease activity. Thus, in mutants defective in some stage of head morphogenesis, the amount of breakdown might vary according to the type of head mutation, some incomplete heads affording more protection than others. Some of the DS-type mutants may therefore have been undergoing normal DNA replication, but because the DNA was not protected by capsid proteins, degradation of the DNA may have occurred. In all eight complementation groups with normal DNA metabolism (D ÷) filled heads were also produced, as determined by the sucrose density gradient analysis. This supports the suggestion that unpackaged DNA is susceptible to nuclease attack.
Of the eight complementation groups which produced filled heads, as shown by sucrose density gradient analysis, all the mutants except those in group 11 synthesized functional heads as shown by the in vitro complementation test. Mutants am25 and am158, in group 11, were shown to produce functional tails and filled heads, but these heads were unable to combine with the functional tails to produce viable phage particles. One possible explanation of this result is the absence of a head-tail linker protein. This is under investigation at the present time.
Assembly of the T5 particle takes place via two independent morphogenetic pathways, one for heads and one for tails (Lunt & Kay, 1968) . This is confirmed by the findings that functional heads can be found in the absence of functional tails, and vice versa, as demonstrated by the in vitro complementation test. A total of seven complementation groups were obtained whose mutants produced functional tails. This included group 1, defective in DNA polymerase, and group 11, possibly defective in a head-tail linker protein. Groups 18 and 19 had the properties of producing functional tails but no phage DNA synthesis, again indicating that late phage protein synthesis can take place in the absence of DNA replication.
Whereas infection of the non-permissive host with any of the head producers always resulted in lysis, this was not the case with the tail producers. Some of the complementation groups containing tail producers, including the group 1 DNA polymerase mutants, did not cause lysis of the infected cells.
Seven of the complementation groups produced no detectable phage substructures. This included group 3, the FST gene I mutants, and group 21, the FST gene II mutant. The mutants in any of the other five groups may have been producing empty capsids since these would not be detected by either of the methods used, neither the sucrose density gradient analysis which was selecting for filled heads not the in vitro complementation test which was selecting for functional heads. The mutant in group 9, aml8, may be an example of this, in that a slight amount of DNA synthesis did take place and that lysis did occur in infections with aml8 under non-permissive conditions. This suggests that certain late proteins are being synthesized. In contrast to this are the mutants in groups 4, 7 and 14 which neither produced functional phage heads nor tails, nor synthesized DNA nor lysed the cells.
The analysis of data obtained from the classification of the mutants according to their phenotypic characteristics has helped in the partial elucidation of the functions of the defective genes.
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